Proper understanding of processes underlying visual perception requires information on the activation order of distinct brain areas. We measured dynamics of cortical signals with magnetoencephalography while human subjects viewed stimuli at four visual quadrants. The signals were analyzed with minimum current estimates at the individual and group level. Activation emerged 55-70 ms after stimulus onset both in the primary posterior visual areas and in the anteromedial part of the cuneus. Other cortical areas were active after this initial dual activation. Comparison of data between species suggests that the anteromedial cuneus either comprises a homologue of the monkey area V6 or is an area unique to humans. Our results show that visual stimuli activate two cortical areas right from the beginning of the cortical response. The anteromedial cuneus has the temporal position needed to interact with the primary visual cortex V1 and thereby to modify information transferred via V1 to extrastriate cortices.
Proper understanding of processes underlying visual perception requires information on the activation order of distinct brain areas. We measured dynamics of cortical signals with magnetoencephalography while human subjects viewed stimuli at four visual quadrants. The signals were analyzed with minimum current estimates at the individual and group level. Activation emerged 55-70 ms after stimulus onset both in the primary posterior visual areas and in the anteromedial part of the cuneus. Other cortical areas were active after this initial dual activation. Comparison of data between species suggests that the anteromedial cuneus either comprises a homologue of the monkey area V6 or is an area unique to humans. Our results show that visual stimuli activate two cortical areas right from the beginning of the cortical response. The anteromedial cuneus has the temporal position needed to interact with the primary visual cortex V1 and thereby to modify information transferred via V1 to extrastriate cortices.
A natomy of connections between primate visual cortices suggests a hierarchical organization of signal processing (1) . However, the order of processes at different functional areas cannot be directly deduced from the anatomical hierarchy without relevant timing information. In monkeys, several areas become active immediately after the primary visual cortex (V1), while another set of areas is active at clearly longer latencies (2, 3) . The areas showing early responses, such as V5͞middle temporal area (MT), medial superior temporal area, and frontal eye field, are specialized in analyzing dynamical visual information and in visuomotor transformation (for reviews, see refs. 4 and 5) . The areas with longer latencies, such as V4, are sensitive to object form and color and participate in object recognition (6, 7) . The dissimilarities in activation latencies and functional properties of these areas suggest diversity in the type and amount of necessary input and preprocessing before activation. Given the differences between monkey and human visual cortices (for a review, see ref. 8) , we aimed to explore the dynamics and distribution of early cortical activation in humans. Neuromagnetic signals were recorded while the subjects viewed pattern reversal or luminance stimuli at the four visual quadrants. The signals were analyzed with minimum current estimates (MCEs), which require minimal human intervention for determining the location and orientation of the cortical currents (9) . The individual three-dimensional estimates were aligned with a nonlinear transformation according to individual brain shapes (10, 11) , and both the individual and group average MCEs were compared with the existing maps of human visual cortices (12) (13) (14) (15) (16) .
Materials and Methods
Subjects and Stimuli. We studied five female and five male subjects (mean age 27 years, range 20-42 years). The stimuli were generated with a Macintosh computer and presented with a dataprojector (VistaPro, Electrohome Ltd., Ontario, Canada) on a back projection screen, with viewing distance of 84 cm. The subjects fixated a small cross on a gray (30 cd͞m 2 ) background. Black (4 cd͞m 2 ) and white (BW; 61 cd͞m 2 ) or red and green (RG; red luminance 29.5, x ϭ 0.539, y ϭ 0.408 in CIE space, green mean values luminance 31.4, x ϭ 0.331 and y ϭ 0.559) checkerboard patterns with reversing contrasts or luminance stimuli were presented to the four visual field quadrants (4-12°f rom fixation, the peripheral stimuli covered a 45°sector, and were symmetrically off the horizontal and vertical meridians; the check size of the pattern stimuli increased from 0.8 to 1.9°with eccentricity). The luminance stimulus comprised of increase of luminance from the gray background (30 cd͞m 2 ) to the maximum luminance (61 cd͞m 2 ) for duration of 470 ms. The three stimulus types covered the same visual field locations. The individual equiluminant values for the RG stimulus were determined with flicker photometry; the red was invariable but the green was varied. The upper and lower visual field stimuli were delivered in separate sessions. The left and right quadrants were stimulated in random order within the same session, with random 1-1.5 s interstimulus intervals. During the pattern reversal sessions, the pattern was continuously on, displaying the two upper or the two lower quadrant patterns, and the stimulation comprised of reversals of the contrast in one quadrant at a time.
Signal Recording and Analysis. Signals were recorded with a 306-channel Vectorview neuromagnetometer (Neuromag Ltd., Helsinki, Finland), filtered (passband 0.1-200 Hz), sampled at 600 Hz, and averaged time locked to the pattern reversal or to the onset of the luminance stimulus. Vertical and horizontal electro-oculograms were recorded and epochs contaminated with eye movements or blinks were rejected online.
Environmental noise was attenuated in the measured signals by extracting signal-space vectors with strongest noise fields. The signals were then preprocessed by omitting noisy channels, applying a 200-ms prestimulus baseline and a 40-Hz low-pass filter. The analysis applied MCE (9) , an implementation of the minimum L1-norm estimate (17) ; MCE explains the measured signals with a current distribution that has the smallest sum of current amplitudes. Estimates of individual signals were calculated separately for each time point. For the group average, the individual estimates were aligned on a standard brain (18) and then averaged. The alignment phase applies first a 12-parameter affine transformation (11), followed by a refinement with an elastic nonlinear transformation (10) . The match is based on the comparison of gray-scale values of the individual and the standard brain MR images. As a result, major sulci and other important brain structures are aligned.
For more detailed analysis, regions of interest (ROIs) were selected to cover steadily active areas. The center and extent of each ROI was automatically adjusted to fit the estimated activity. The activity within a ROI was calculated as a weighted average Abbreviations: MT, middle temporal area; MCE, minimum current estimate; ROI, region of interest; BW, black and white; RG, red and green; V1, primary visual cortex; V6, visual cortical area V6. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
of the estimate: the maximum weight was in the center of the ROI and the weight extended to the neighboring locations with the form of a three-dimensional generalized normal distribution. The reported radius of ROI is the distance at which the weighting factor is 60% of that at the center. A ROI was accepted for further study if (i) the peak source activity exceeded 2 nA⅐m and was at least twice the peak activity during prestimulus baseline; (ii) the activation duration exceeded 10 ms; and (iii) the location was stable for over 10 ms. An active brain area could remain undetected in our recordings and analysis because of a too short distance between two active areas, because of cancellation of the magnetic signal attributable to source current configuration, or because of masking of a deeper brain activity by simultaneous strong activation close to the sensors. Only BW pattern reversal data were used for source localization in individual subjects.
Determination of Cortical Areas. The sources were first located from group average data to find common features of activation, and then the mean coordinates across subjects were compared with earlier imaging and histology studies (12-16) for determination of the functional areas. Because our coordinate space corresponded to the standard brain coordinates of the European Computerized Human Brain Database, ‡ the Talairach coordinates (20) in the earlier studies had to be transformed to the same coordinate system for comparison and display purposes. In addition, our source coordinates were transformed into Talairach space; the rightward shift of the midline at the posterior parts of cerebrum (14) was taken into account by aligning the midsagittal plane, in addition to anterior and posterior commisures, with the hemispheric midline at the posterior cortex. Fig. 1 presents the estimated brain activity in Subject 1 after right upper visual field BW pattern reversal stimulation. The magnetic field pattern between 50 and 70 ms cannot be explained with only one active area. Accordingly, the MCE display shows two maxima, one located in the anteromedial cuneus, abutting the parieto-occipital sulcus, and the other in the more inferior left occipital lobe. The rising edge of the response is 3-4 ms (about two samples) earlier at the left occipital cortex than at the cuneus, suggesting that these sources reflect two separate brain regions. Fig. 2 presents the mean locations across subjects for the two sources activated by BW pattern reversals. The source at or close the anteromedial cuneus was found in 9 and 5 individuals after the left and right upper quadrant stimuli, respectively, but only in 5 and 3 subjects after the left and right lower quadrant stimuli. The inferior occipital source was found in 8 and 7 subjects after the left and right upper quadrant stimuli and in 8 and 10 subjects after the left and right lower quadrant stimuli, respectively. At best (after left upper quadrant stimuli), the simultaneous two sources were found in 7 subjects. The absence of the cuneus source in 5-7 subjects after lower visual field stimuli could reflect the shorter intersource distance after lower than upper field stimuli. In subjects who showed two sources, the intersource distances were on average only 25-26 mm for lower field stimuli but 32-40 mm for upper field stimuli. If the distance had been smaller in other source pairs, the estimation method might have faced difficulties in differentiating the two sources.
Results and Discussion
The location of the inferior occipital source was more stable across individuals after lower than upper visual field stimuli (Fig.  2) . After lower visual field stimuli, the mean location of the inferior source corresponded well to the human V1 in the medial occipital lobe (13) , with the current directed upward. Assuming that this activation occurred in the upper lip of the calcarine fissure, the current direction would correspond to cortical current flow from the surface to the depth of the cortex. After upper visual field stimuli, the inferior source was lateral to the midline. Although the inferior occipital response could receive additional contribution from other visual areas, similar latencies for the upper and lower visual field responses and the group mean location close to calcarine fissure suggest considerable V1 contribution to the signal.
Location of the anteromedial cuneal source in Talairach 2 . The mean location, its SD, and current orientation (blue dot, circle, and line, respectively) of the cuneus and inferior occipital sources are displayed in a standard brain (18) . The red dot displays the mean location of left and right V1 from Hasnain et al. (13) , who reported, however, the average location of the upper and lower visual field representations. similar regions (their figure 2 and table 1 ; 21 and 8 mm mean distance from our left and right cuneus sources) when covert shifts of attention and saccadic eye movements were compared. Thus, although our subjects had no task during stimulation, our activation in the medial cuneus could reflect automatic activation of a part of the attention-or visuomotor-related networks.
Although our cuneus source showed both lower and upper visual field representations similarly as the human area V3a does (15), the source location was 1-2 cm too medial for V3a, regardless of the quadrant stimulated ( refs. 13 and 15; Fig. 2) . Neither can the cuneus source be at V3, because the human V3 does not have upper visual field representation above the calcarine sulcus (15) , and because our source was 2-3 cm too medial to the known location of the left and right human V3 (13) .
In the monkey V6 (22) , the representations of the upper and lower visual fields are clearly distinct, and in part even in different walls of the parieto-occipital sulcus, with a trend of more anterior locations for upper than lower visual field representations. Interestingly, the mean current directions at the cuneus source were opposite during the upper and lower visual field responses (Fig. 2) , suggesting both that retinotopy occurs at the source area and that the responses could arise from opposite walls of a sulcus or a gyrus.
In the stereotaxic isocontours displayed on the Visible Man atlas (8) , the coordinates of the anteromedial cuneus source are located at the posterior bank of the parieto-occipital sulcus, which corresponds to the macaque area V6 (also known as PO) in the comparison map between monkey and man (23) . In addition, based on histological evidence, this source area could be a homologue of monkey area V6. § The backward shift of histologically defined area 19 during cortical phylogenesis (for reviews, see refs. 14 and 25) should have pushed the functional area V6 from the medial fundus of the parieto-occipital sulcus in monkeys (22) to the upper posterior wall of the parietooccipital sulcus and thus to the anteromedial cuneus in humans. The neurons of V6 have large receptive fields (22) , and lack enhanced foveal magnification both in monkeys (22) and humans (26) , and the area has been suggested to participate in visuospatial analysis of environment for arm reaching and eye movements (27, 28) . The human anteromedial cuneus could also contain an area or multiple areas with no equivalent in the macaque brain. The larger amount of neurons and longer distances between brain areas in humans than in monkeys implicate different transmission latencies between areas and thus different requirements for cortical organization in the two species when rapid processing is of essence. Fig. 3 presents the dynamics of processing in the two areas. The group average MCE to left upper quadrant stimuli showed the two maxima during the earliest response from 60 ms onward (Fig. 3a) . The lower source fades out before 80 ms, whereas the upper source continues to be active up to about 100 ms. Attenuation of the MCE strength at sites located between the two maxima (middle trace in Fig. 3b ) further supports discrete clusters during the initial activation; these clusters also display clearly different temporal behaviors. After upper quadrant BW stimuli, the occipital source became active on average at 56 (mean half-amplitude latency from individual data), and the cuneus source at 58 ms; the latency difference between the two sites was not statistically significant. This timing information leaves the pathway of retinal information to anteromedial cuneus unclear. Signals could either go through V1 and be rapidly fed forward (2, 29) , or bypass V1 (30, 31) .
After 90 ms, the activation spread to other areas, predominantly in the contralateral hemisphere; in the time window of 100-200 ms the mean activation at the posterior brain was about four times stronger in the right than the left hemisphere (vol. 310 cm 3 ). Whereas between 110 and 150 ms multiple structures contributed to the signal, later only few areas were prominently active at the right hemisphere. A movie of this activation is published on the PNAS web site as supplementary material (www.pnas.org). Fig. 4a depicts the strongest activations between 50 and 400 ms after left upper and lower quadrant BW stimuli. The posterior areas (a, aЈ, and b) were active clearly earlier than the temporo-occipital (c) and superior temporal (d) regions. The temporo-occipital source region was about 1 cm anterior and inferior to human MT͞V5 (x, y, and z Talairach coordinates for the ROI c are 42, Ϫ67, and Ϫ4 mm, respectively; data have been compared with a summary of V5 coordinates in ref. 32 ). However, because of its size, the ROI c should include activation of the human V5͞MT. This area has been shown to be active in monkeys almost immediately after V1 (2) and suggested to be active even before V1 in humans (33) . However, the 170-to 220-ms latencies in our study are in line with earlier magnetoencephalographic data showing V5 activation at 160 ms for motion stimuli (32, 34) . It is possible that our stimuli did not activate V5͞MT, but the signals with longer latencies at the ROI c come from other functional areas. After left upper BW stimuli, the signals of the right superior temporal region increased slightly simultaneously with the signals of the posterior regions, but only in a few subjects. Of course, our data alone cannot exclude the possibility of other early responses, which might have been detected if more area-specific stimuli would have been applied or a much larger number of responses would have been averaged to improve the signal-to-noise ratio.
The initial dual activation of the occipital cortex and of the anteromedial cuneus was best distinguished after reversals of § Zeki, S. Proceedings of The Physiological Society, July [25] [26] 1986 BW checkerboard patterns, but it was also present after the luminance onsets and reversals of equiluminant RG patterns. Fig. 4b displays activation of the two sources for the three stimuli; the source locations and current orientations were determined from the individual BW pattern reversal data. These two areas were always simultaneously active, but responses of both areas were about 30 ms delayed for the equiluminant stimuli. This delay may correspond to slower conduction of signals through the wavelength-sensitive parvocellular than the broad-band magnocellular retinocortical pathway (35) or to a weaker retinocortical signal at equiluminance (36) . At longer latencies, the cortical dynamics was different for each stimulus.
The novel finding of early activation in the human anteromedial cuneus is interesting in the light of earlier monkey data. Activation latencies in monkey V6 have not been reported. Whereas in monkeys the V5͞MT and superior temporal sulcus respond to stationary stimuli shortly after V1 (2, 3), we found prominent activation considerably later in the human V5͞MT and superior temporal sulcus areas, suggesting differences in the processing dynamics between humans and monkeys. In monkeys, the first responses at V1 occur around 31-34 ms (2, 29) to luminance stimuli and the first responses to pattern reversal stimuli peak in lamina 4C of V1 around 50 ms after the stimulus, corresponding most likely to the 70-ms evoked potential in human scalp recordings (37) . However, the cortical activation latencies depend on stimulus characteristics, such as contrast and luminance, hindering direct comparison across studies. Neuromagnetic signals at the human parieto-occipital sulcus region have been detected earlier after luminance stimuli (26, 38) , eyeblinks (39) , and saccades (40) . The responses in those studies reached their maxima between 130 and 285 ms after the stimuli, and thus showed considerably longer latencies than what we found at the anteromedial occipital lobe.
Apparently, our first 56-ms response can be considered early, and it could even correspond to disynaptic activation immediately after the first afferent signals coming through the magnocellular pathway (29) . Furthermore, a relatively early activated higher-order area could interact with V1 and thereby modulate the processing of the later arriving parvocellular (main) volley of afferent information (41) , thus affecting the quality or quantity of visual information reaching later processing stages.
According to our findings, an area at the human anteromedial cuneus has the temporal position needed to interact with the lowest levels of cortical hierarchy before processing proceeds more widely to other visually responsive areas. In monkeys, the first responses in V1 specific to figure boundary arise with about 60-70 ms latency, about 30 ms after the first response (19) . In our data, the initial dual activation lasted less than 30 ms. Thus these two areas would have time to interact before the edges of a figure are detected in V1. The methods and results of this study open one window for exploring the hypothesis of stimulus-driven early top-down priming of V1 processing (41, 24) in human subjects. 
